Objective: To test the hypothesis that 55±70 y old male longterm exercisers (LE) have higher resting metabolic rates (RMR) than longterm nonexercisers (LNE).
Introduction
The resting metabolic rate (RMR), thermic effects of feeding and activity comprise 60±75%, $ 10% and 15± 30%, respectively, of the total daily energy expenditure (Poehlman, 1989) . While the RMR can decrease to $ 20% of the total daily energy expenditure during extreme physical activity such as the Tour de France (Westerterp et al, 1986) , it normally comprises by far the largest component of the total daily energy expenditure. Changes in RMR can therefore impact greatly on energy balance and hence the body mass. Furthermore, the agewise decline in absolute energy expenditure for the RMR (Keys et al, 1973; Shock & Yiengst, 1955 ) is alleged to be mainly due to decreases in fat free mass (FFM) which approximates the respiring tissue mass (Shock et al, 1963; Tzankoff & Norris, 1977) . These FFM losses may be caused by a combination of biological ageing and diminishing levels of physical activity.
A recent review stated that, despite the large volume of literature, the chronic effect of exercise on the RMR is still equivocal (McCarter, 1995) . Nevertheless, all (Nichols et al, 1990; Poehlman et al, 1990 Poehlman et al, , 1992a but one (Lundholm et al, 1986) cross-sectional study on older males and all (Berke et al, 1992; Poehlman & Danforth, 1991; Poehlman et al, 1992b) but one (Meredith et al, 1989 ) longitudinal investigation, which were conducted on mixed groups of older males and females, support the hypothesis that aerobic training increases the RMR. However, were the only researchers to use other than the two compartment hydrodensitometric body composition model, or the two compartment total body potassium body composition model (Lundholm et al, 1986) , to estimate the FFM which can be used when statistically analysing RMR data for between group differences or treatment effects. They employed the three compartment model (total body water or TBW; fat free dry solid; fat mass or FM) which is more valid than the two compartment hydrodensitometric model because it controls for biological variability in TBW. A four compartment model (TBW; bone mineral mass; residual; FM) has now emerged which is theoretically more valid than the three compartment model because it controls for interindividual variability in both TBW and bone mineral mass. No investigators have used this improved body composition model when examining the effect of training on the RMR. The aim of this study was therefore to determine whether there is a difference between 55±70 y old male long-term exercisers (LE) and long-term nonexercisers (LNE) for RMR when statistical control is exerted for the effect of FFM estimated via a four compartment body composition model.
Methods

Subjects
Volunteers were recruited from advertisements placed on university and community noticeboards and in a newspaper. These advertisements called for healthy, mass stable (AE2.0 kg during the last year), nonsmoking 55± 70 y old males who were either LE or LNE. The twelve most active respondents and twelve most sedentary respondents who satis®ed the following additional criteria were selected for the study: a Quetelet's Index ranging from 19± 29 kgam 2 , not taking any medication known to affect energy metabolism, no known illness and no clinically signi®cant eating disorder. Their descriptive statistics are contained in Table 1 . A detailed lifestyle questionnaire and interview indicated that the 12 LE engaged in 5.0± 16.4 hawk ( " AE sXdX; 7.9 AE 3.0 hawk) of primarily aerobic exercise that was designed to either maintain or improve ®tness. Two of them professed to being lifetime exercisers whereas the remainder had exercised regularly for the previous 5±43 y (22 AE 11 y). The activity breakdown was: cycling 2; cycling and running 1; running 7; running and aerobics 1; and triathlon 1. Four of the runners had completed marathons and another two of them were competitive middle-distance runners. Three of the LNE stated that they had never participated in a regular exercise programme; the remainder had not engaged in this type of activity for the previous 8±42 y (30 AE 11 y).
This project was approved by the Flinders Medical Centre's Committee on Clinical Investigation. The purpose, test protocols, possible bene®ts and risks were explained to the subjects before they gave their written consent to participate.
Resting metabolic rate (RMR)
The volunteers were requested to adhere to the following routine prior to the one habituation and two experimental trials in order to control for the variables known to affect the RMR: no vigorous exercise during the preceding 36 h; no caffeine, alcohol and medication during the preceding 12 h; consume a normal evening meal before 8 pm on the day before the test with only water to be consumed thereafter; and be transported to the laboratory by car by the experimenters to eliminate uncontrolled anxiety and physical activity. All measurements of RMR were conducted after 50 min of bedrest while the subject was in the supine position with the head and shoulders slightly elevated. Heart rate was recorded electrocardiographically throughout the bedrest period using a CM-5 electrode placement and oral temperature was measured three times during each RMR trial with a calibrated digital clinical thermometer. The subject was always covered by a blanket; the temperature and humidity in his vicinity were maintained within the respective ranges of 24.0 AE 0.5 C and 40 AE 5%. All precautions were taken (phone off the hook and only the subject together with the two experimenters allowed in the laboratory) to eliminate disturbing in¯uences that can affect the RMR. At least 2 d separated each RMR trial. Although the aim was to complete testing within 14 d, the average durations between trials 1 and 2 and between trials 2 and 3 were 4.7 and 6.8 d, respectively.
Expirate was collected for two 10 min periods, which were separated by 5 min of rest, using: a noseclip, R2600 respiratory valve (Hans Rudolph, Kansas City, MO, USA), short length of corrugated tubing, three way valve (Harvard, Edenbridge, Kent, England) and 150 L Douglas bags (Plysu, Woburn Sands, Milton Keynes, England). The CO 2 and O 2 concentrations of the dried expirate were determined by LB-2 (Sensormedics, Anaheim, CA, USA) and S-3A (AEI Technologies Incorporated, Pittsburgh, PA, USA) gas analysers, respectively. Both analysers were calibrated beforehand over the physiological range of measurement using gases which had been authenticated by Lloyd-Haldane analyses. Volumes expired, which were adjusted for that portion pumped through the gas analysers, were measured with a calibrated (Hart et al, 1992 ) DTM-325 dry gas meter (American Meter Co., Philadelphia, PA, USA) which was connected to a digital readout.
O 2 was calculated using the Geppert & Zuntz transformation (1888) and the mean of the two 10 min measurements was regarded as the RMR. Energy expenditure was then estimated using the equations recommended by Elia & Livesey (1992) . The most recent data for the reliability of our calorimetry system yielded coef®cients of variation of 1.6 and 2.3% for ®ve and six intraday trials, respectively, on two subjects. Intraday trials conducted six and seven times on another two subjects resulted in coef®cients of variation of 1.6 and 3.2%, respectively.
Body composition
The FFM was estimated using a four compartment model which has been fully described elsewhere (Withers et al, 1997) . Brie¯y, total body water (TBW) and bone mineral mass were measured using isotopic dilution and dualenergy X-ray absorptiometry (DXA), respectively. The masses and volumes for TBW and bone mineral mass were then subtracted from those determined for the whole body via hydrodensitometry. The remainder was then partitioned into fat and residual (protein, nonbone mineral and glycogen) masses whose densities were assumed to be 0.9007 and 1.404 gacm 3 , respectively. This methodology is an improvement on hydrodensitometry because it controls for the interindividual variability in TBW and bone mineral mass. The FFM was also calculated using the two compartment hydrodensitometric and three compartment body composition models which are also described in Withers et al (1997) .
Submaximal test of aerobic ®tness
When the subjects ®rst visited the laboratory they were habituated to pedalling a dynamically calibrated (Woods et al, 1994) Monark Model 90652 cycle ergometer (MonarkCrescent AB, Varberg, Sweden) which was equipped with a lengthened seat pole and adult handlebars. During the Resting metabolic rate, body composition and aerobic ®tness DA Smith et al second visit they pedalled the ergometer at three power outputs which were predicted to elicit approximately 55, 65 and 75% of a maximal heart rate that was estimated as 220 beatsamin minus the subject's age in years. There was a one minute active recovery between each work bout which lasted for at least 5 min. Heart rate was measured electrocardiographically during the last 10 s of each minute and a`steady-state' was considered to have occurred if consecutive readings differed by less than 3 beats/min. A fan facilitated heat dissipation during the last two work bouts. Regression analysis was used to predict the power output at 75% of the estimated maximal heart rate.
Statistical analyses
Independent two-tailed t-tests (P 0.05) were used when comparing the LE and LNE for: age, height, body mass, aerobic ®tness scores, Quetelet's Index and a large number of body composition and RMR parameters. After checking that none of the data sets violated the assumptions of sphericity, single-factor repeated measures ANOVA were used to compare the three RMR trials for: body mass, RMR (MJad and y 2 mlamin) and resting heart rate (HR rest ). In the event of a statistically signi®cant F-ratio (P 0.05), between-trial differences were identi®ed via Tukey posthoc tests.
A power analysis (Hinkle et al, 1988) demonstrated that 12 subjects per group were required to detect a 10% RMR difference (kJ Á kg FFM 71 Á d 71 ) between the LE and LNE for a power of 0.8, 0.05 signi®cance level (two-tailed test) and coef®cient of variation of 8.5%. After establishing that the assumptions of linearity of regression and parallelism had not been violated, the RMR data (MJad) were analysed for a between group difference using analysis of covariance (ANCOVA) with FFM as the covariate.
Interclass correlation coef®cients were computed between RMR and other variables. Single sample t-tests were used to compare the calculated FFM density, FFM hydration (%) and bone mineral content of the FFM (%)
with those values assumed in the two compartment hydrodensitometric body composition model.
Results
Subject characteristics
The descriptive statistics for the 12 LE and 12 LNE are presented in Table 1 . There were no statistically signi®cant differences (P b 0.05) between the groups for age and height but the LE registered signi®cantly lower means for mass (P 0.02), Quetelet's Index (P 0.0002), %BF (P 0.0001) and FM (P 0.0004, Table 4 ). Both the power output scores on the cycle ergometer, which are markers of aerobic ®tness, were higher (P 0.0004) for the LE and their greater aerobic ®tness is also supported by a lower resting heart rate (P 0.002; Table 2 ).
RMR
Repeated measures ANOVA indicated that HR rest did not differ signi®cantly (P b 0.05) across the three RMR trials. However, signi®cant decreases were identi®ed between trials 1 and 2 for RMR ( y 2 =240 and 228 mla min, P`0.01; 7.06 and 6.69 MJ/d, P`0.05) and mass (74.46 and 74.19 kg, P`0.05). Although there were no differences (P b 0.05) between the means for the second and third trials ( y 2 227 mlamin, 6.63 MJad and 74.09 kg, respectively), the lowest of the three measured values was considered to be each subject's true RMR (MJad). The HR rest data presented in Table 2 are therefore for this collection period. There were no respiratory exchange ratio differences (P 0.41) between the groups (LE: 0.842 AE 0.057; LNE: 0.871 AE 0.109). Table 2 indicates that the LE registered a signi®cantly greater (P 0.04) RMR than the LNE when energy was expressed relative to body mass. However, this statistically signi®cant difference disappeared when energy expenditure was expressed relative to FFM (P 0.43) or corrected for the non-zero intercept when RMR (MJad) is graphed Ratio is corrected for statistical bias (Ravussin & Bogardus, 1989 ) because the interclass correlation coef®cients were statistically signi®cant (kJad vs mass 0.69, P 0.0002; kJad vs FFM 0.66, P 0.0004). Ratio is uncorrected for statistical bias (Ravussin & Bogardus, 1989 ) because the correlation between power (W) at 75% HR max and mass (kg) was not statistically signi®cant (r 70.039; P 0.86).
Resting metabolic rate, body composition and aerobic ®tness DA Smith et al against body mass (P 0.55) or FFM (P 0.28; Ravussin & Bogardus, 1989) . ANCOVA with FFM determined using the four compartment model as the covariate furthermore con®rmed that the RMR (MJad) difference between the groups was not statistically signi®cant (P 0.28). The adjusted means for the LE and LNE were 6.39 and 6.62 MJad, respectively. An ANCOVA was also conducted on the data for the eight most active and eight least active subjects; this analysis yielded a similar result (P 0.16) with adjusted means for the LE and LNE of 6.26 and 6.56 MJad, respectively. ANCOVA (n 24) with the sum of mineral and protein as the covariate in accordance with the approach of likewise resulted in a nonsigni®cant RMR difference (P 0.31) between the groups; the adjusted means were 6.38 MJad for the LE and 6.62 MJad for the LNE. Table 3 contains the correlations between RMR (n 24) and other variables of interest. While absolute RMR (MJad) was positively correlated (P`0.05) with height, mass, Quetelet's Index, TBW and FFM which are all indicative of body size, it was also positively related with FM (r 0.55, P`0.01) and inversely proportional to age (r 70.49, P`0.05). Body temperature (T oral ) was the only variable which was signi®cantly related with RMR indexed to body mass (r 0.50, P`0.05) or adjusted for FFM (r 0.55, P`0.01). None of the interclass correlations between the aerobic ®tness scores and RMR attained statistical signi®cance.
Body composition
While Table 4 demonstrates that the LNE had signi®cantly more FM than their LE counterparts irrespective of whether the two, three or four compartment body composition model was used, there were no differences between the groups for FFM. There were also no differences between the groups for FFM hydration, percentage bone mineral in the FFM and FFM density. When the group and combined data were compared with the two compartment hydrodensitometric assumptions of 1.100 gacm 3 , 5.63% and 73.72% for FFM density, bone mineral percentage in the FFM and FFM hydration, respectively, only the latter variable was signi®cantly different from the means in Table 4 for the combined group (P 0.0006), LE (P 0.03) and LNE (P 0.01). Figures 1 and 2 emphasise that individual FFM differences between the two and three compartment body composition models are large compared with those between the three and four compartment models.
Discussion
The major ®nding of this study is that there were no (P b 0.05) RMR differences between the LE and LNE when the data (MJad) were: expressed relative to FFM; indexed against FFM and body mass which were corrected for the non-zero intercept when these variables are graphed against RMR; and subjected to two ANCOVA with FFM via the four compartment model and mineral plus protein as the respective covariates. An attempt to increase the divergence between the groups by analysing the RMR data for the eight most active and eight least active subjects by ANCOVA also produced the same result. Furthermore, none of the interclass correlations between aerobic ®tness and RMR were large enough to be statistically signi®cant (P b 0.05).
All but two studies Lundholm et al, 1986) , which determined the chronic effect of exercise on the RMR of males whose ages were comparable to those of our subjects, estimated the FFM via the two compartment hydrodensitometric model. The major limitation of this model is the assumption that the four FFM components (TBW, protein, bone mineral and nonbone mineral) have an overall density of 1.1000 gacm 3 (Brozek et al, 1963) . Individual FFM densities which are lower or greater than this constant result in respective under and overestimates of the FFM. Our four compartment model is based on measurements of body density, TBW and bone mineral via underwater weighing, isotopic dilution and DXA, respectively. This model therefore attempts to FFM, fat free mass; *P 0.05; **P 0.01; ***P 0.001; ****P 0.0001; NaA: correlation not appropriate since the two variables are not independent. Resting metabolic rate, body composition and aerobic ®tness DA Smith et al control for the biological variability in two of the four FFM components thereby enabling the RMR data (MJad) in this present study to be statistically analysed using a more valid estimate of the FFM. Our previous work (Withers et al, 1997) has furthermore shown that the increased theoretical accuracy of this four compartment model is not offset by propagated error. The individual FFM values which were estimated via the two compartment hydrodensitometric model were overestimated by 4.2 kg compared with those generated by the four compartment criterion model. But comparison of Figures  1 and 2 con®rms that most of these differences are due to biological variability in FFM hydration and not the concentration of bone mineral in the FFM. Nevertheless, reanalysis of our RMR data using the FFMs resultant from the two and three compartment body composition models yielded the same conclusions as for the more valid four compartment model. This was because intermodel differences for group means were 0.99 kg FFM.
Our major ®nding therefore disagrees with four crosssectional studies in the literature on similarly aged males which all reported a greater RMR in trained people when control was exerted for the effect of FFM, but agrees with one other study (Lundholm et al, 1986) . Two of the former investigations (Poehlman et al, 1990 used ANCOVA with FFM as the covariate and the others matched the trained and untrained for age and FFM (Nichols et al, 1990; Poehlman et al, 1992a) . The study by Lundholm et al, 1986 on ten well-trained (69.2 AE 6.0 y) and ten untrained males (all 71 y) reported a signi®cant difference in absolute basal metabolic rate (BMR) but this disappeared when BMR was indexed to whole body potassium from which the FFM can be estimated (Forbes et al, 1961) .
Five longitudinal studies of 8±12 wk duration have been conducted on mixed groups of males and females whose ages approximated those of our subjects: two reported signi®cant increases in RMR (MJad) with no signi®cant changes in mass and FFM (Berke et al, 1992; ; one reported a signi®cant increase in absolute (MJad) and relative RMR (MJ Á kg FFM 71 Ád
71
) with no signi®cant change in mass and FFM (Poehlman & Danforth, 1991) ; one reported a signi®cant increase in RMR (MJad) and RMR per kg of mineral and protein with negligible change in body mass (Goran & Poehlman, 1992b) ; and, one found no change in RMR (MJ Á kg 71 Ád
) with non-signi®cant changes in body mass and relative body fat of 0.1 kg and 1.3%, respectively, over the twelve week training programme (Meredith et al, 1989) . Interestingly, this latter study used the lowest intensity training programme and also Poehlman et al (1992b) only found a signi®cant increase in RMR when the exercise intensity increased from light ( $ 60% y Pmx ) to moderate ( $ 75% y Pmx ). Endurance training may therefore have to be above a critical threshold to cause an increased RMR. It may be that a combination of a high energy expenditure and energy intake (that is high energy¯ux or turnover) is necessary to chronically elevate the RMR of athletes who are in energy balance (Bullough et al, 1995) . It is Resting metabolic rate, body composition and aerobic ®tness DA Smith et al furthermore of interest that $ 5.5% of the body mass (liver, brain, heart and kidneys) is responsible for $ 58% of the RMR (Elia, 1992) . These four organs also have an RMR which is 15±40 times greater than an equivalent mass of resting skeletal muscle (Elia, 1992) . Athletes with large skeletal musculatures may therefore have lower RMRs than their untrained counterparts when statistical control is exerted for the effect of FFM. The major limitations of cross-sectional research designs are that they do not control for genetic differences between groups and inferences are limited to group averages. However, the identi®cation of intraindividual change and interindividual variability in change via longitudinal research designs can pose major problems such as: subject retention, cost, continuity of researchers and improvements in instrumentation over a number of years. The advantage of our cross-sectional study is therefore that it is an expedient and cost-effective method of probing for the relative effects of decades of strenuous activity and sedentariness on the RMR of longterm male exercisers and longterm male nonexercisers who are at least 54 y of age.
The body composition data in Table 4 emphasise that there was no between group difference (P 0.69) for FFM but the FM of the LNE was signi®cantly greater (P 0.0004) than that of the LE. This 9.5 kg smaller FM of the LE is the reason for their greater (P 0.04) uncorrected ratio of RMR relative to body mass because FFM has a much higher rate of resting energy expenditure (Elia, 1992: 124.3 ). The smaller FM of the LE also translates into a lower energy expenditure during weight-bearing physical activity. Table 1 also demonstrates that the LE had greater absolute (P 0.0004) and relative (P 0.0001) scores than the LNE for the submaximal test of aerobic ®tness. The foregoing result in a greater buffer for the LE between their physiological capacity and the physiological demands of everyday living which has implications for increased functional independence and an improved lifestyle.
It is noteworthy that body temperature (T oral ) was the only parameter which signi®cantly correlated with RMR indexed against either body mass or FFM. This ®nding is consistent with research on Pima Indians (Rising et al, 1992) and some previous work by this laboratory (Smith et al, 1997) . In an area which has received little attention, Rising et al (1992) reported that the oral temperature of 23 male Pima Indians and 32 male Caucasians was signi®-cantly correlated with sleeping (r 0.80, P`0.0001) and 24 h (r 0.48, P`0.02) metabolic rates which were adjusted for body size, body composition and age. In the current study of LE and LNE older males, T oral was correlated with RMR despite no between-group difference for T oral (P 0.86) and only a small range of values (35.3± 36.3 C).
Conclusions
In summary, while there was a signi®cant RMR difference (P 0.04) between groups of 54±71 y old male LE and LNE when energy expenditure was expressed relative to body mass, this difference disappeared (P ! 0.27) when the data were: expressed as absolute energy expenditure (MJad), indexed against body mass but corrected for statistical bias (Ravussin & Bogardus, 1989) , indexed against FFM via the four compartment body composition model both with and without corrections for statistical bias and subjected to two ANCOVA with FFM and mineral plus protein as the respective covariates. Our study therefore rejects the hypothesis that there are RMR differences between male LE and LNE in this age group. RMR was also not signi®cantly correlated with any of the physical ®tness indices. Nevertheless, the lower relative body fat and greater aerobic ®tness of the LE translated into a higher power to mass ratio. A lifestyle which includes regular physical activity may therefore lead to greater functional independence in old age.
